The feasibility of developing bladder cancer detection methods using intrinsic tissue optical properties is the focus of this investigation. In vitro experiments have been performed using polarized elastic light scattering in combination with tissue autofluorescence in the NIR spectral region under laser excitation in the green and red spectral regions. The experimental results obtained from a set of tissue specimens from 25 patients reveal the presence of optical fingerprint characteristics suitable for cancer detection with high contrast and accuracy. These photonic methods are compatible with existing endoscopic imaging modalities which make them suitable for in-vivo application.
INTRODUCTION
The utilization of optical instrumentation for medical applications is very wide and it is continuously expanding. Various endoscopic tools are currently utilized as diagnostic and interventional therapy guidance tools. Momentous developments that took place over the last three decades in laser technologies, optical imaging systems and compact personal computers have opened a window of opportunity to introduce novel photonic methods for the detection and treatment of disease. Various methods to detect and diagnose disease in real time are under consideration [1] [2] [3] [4] [5] [6] [7] . These methods are based on the detection of disease specific optical signatures originating in tissue structures and endogenous or exogenous chromophores. The advantages from the development of medical modalities that could provide sensitive and accurate real-time diagnosis would be tremendous.
The feasibility of developing surface or near surface cancer detection methods in the bladder using photonic technologies is the focus of this investigation. Two main imaging approaches are explored: a) NIR polarized elastic light scattering and b) tissue autofluorescence in the NIR spectral region under laser excitation in the green and red spectral regions.
EXPERIMENTAL ARRANGEMENT
The experiments were carried out using a compact spectroscopic imaging instrument that is located near the pathology room of the UC Davis Medical Center Hospital. In-vitro measurements of bladder tissue specimens obtained by transurethral resection or following cystectomy were performed immediately after surgical removal from the body followed by fixation of the sample for histo-pathology assessment. Figure 1 shows the schematic layout of the key optical components of this imaging system. The images are captured using a 35-mm camera lens and a liquid nitrogen cooled CCD camera. Two imaging methods were used based on a) polarization-sensitive light scattering under near infrared polarized illumination and, b) tissue autofluorescence in the 700-1000 nm using laser excitation in the green (532-nm) and the red (632.8-nm).
To perform the light scattering imaging experiments, a white light source coupled to a fiber bundle is used to provide a nearly uniform illumination of the sample. A polarizer is positioned at the output of this fiber with its polarization orientation perpendicular to that of a second polarizer that is located in front of the camera lens. In this way, we record only the perpendicular polarization image component under illumination of the sample with 700-nm, 850-nm, and 1000-nm. The wavelength selection is achieved using 40-nm bandwidth interference filters positioned on a filter wheel located at the output of fiber bundle. For the autofluorescence imaging experiments, the photoexcitation is provided by a 632.8-nm He-Ne laser and by a 532-nm diode-pumped laser. The laser light is transferred into the imaging compartment of the system using optical fibers. The diverging output beams from each fiber are used to illuminate the sample. A narrow band interference filter was positioned in front of the output of the fiber to ensure monochromatic illumination.
The spectroscopic images of the specimens obtained using the system described above are subsequently compared with the histopathology map of the specimen. This study represents measurements of bladder specimens from 25 cancer patients for which pathology (performed after the completion of the experiment from each patient) showed that normal and cancerous tissue components existed in the specimen(s) studied from each patient. This allowed comparison of the optical properties of normal and cancer tissue as manifested in the optical images. Most samples were small in size (5-mm in diameter or less) as they were obtained by transurethral resection. These small specimens were compressed between glass slides to a uniform thickness of approximately 1-mm. Following the acquisition of optical spectroscopic images as discussed in the previous section, all tissue specimens were processed for pathological assessment using standard hospital procedures. Usually a number of specimens or part of a single specimen were normal. Samples obtained from cystectomy were larger, typically having lateral dimensions of 3 to 4-cm and thickness of approximately 5-mm. These samples were obtained from cross sectioning parts of the bladder containing normal and tumor tissue. 
EXPERIMENTAL RESULTS
Typical experimental results from a specimen obtained from a patient that had undergone cystectomy are shown in figure 2 . Figure 2a shows the cross-polarized light scattering image of the sample under 700-nm polarized illumination. Figures 2b and 2c show the autofluorescence images in the 700-1000-nm spectral region under 532-nm and 633-nm laser excitation, respectively. The cancer lesion is located in the lower left part of the image and is clearly visible in all cases as a feature with lower image intensity than the normal tissue. In the 700-nm cross-polarized light scattering image the intensity of the cancer lesion is lower by a factor of ≈0.22 compared to that of the normal tissue. The change in intensity between normal and cancer tissue is further enhanced in the autofluorescence images. More specifically, the intensity of the cancer lesion is lower by a factor of ≈ 0.63 and ≈ 0.33 in the NIR autofluorescence images obtained under 532-nm and 633-nm, respectively. Inter-image operations can further enhance the visibility of the cancer lesion and better delineate the tumor's margins. Figure 2d shows the ratio image following division of the NIR autofluorescence image obtained under 633-nm excitation over that obtained under 532-nm excitation. In this case, the average digitized intensity from the part of the image that contained the tumor is higher by a factor of ≈ 0.8 compared to that arising from normal tissue. In addition, in the ratio image obtained from division of the 700-nm cross-polarized light scattering image by the NIR autofluorescence image under 532-nm excitation shown in figure 2d , the tumor has higher intensity by a factor of ≈1.1 compared to normal tissue from the same patient. Figure 3 shows a second example from tissue specimens that were obtained by transurethral resection from the same patient. This image shows the NIR autofluorescence image under 632.8 nm excitation from 8 small (5-mm in diameter or less) bladder samples. These samples were compressed between glass slides to a uniform thickness of approximately 1-mm. In this image, the two specimens that exhibit higher intensity (denoted as 1 and 2) are normal. Two specimens (4 and 5) contain both normal and cancer areas. The remaining specimens are diffusely permeated with cancer. These results are typical of our observations of bladder tissues which show that bladder cancer exhibits lower emissivity than normal bladder tissue in the NIR spectral region. The average intensity in the NIR autofluorescence images of the cancer specimens (3, (6) (7) (8) is lower by a factor of ≈ 0.7 under 532-nm excitation and ≈ 0.3 under 632.8-nm compared to that of the normal bladder tissue specimens (1 and 2). In addition, the cancer areas are also visible with lower image intensity by a factor of ≈0.2 compared to the normal tissue in the cross-polarized light scattering images. Overall, the experimental results regarding the difference in intensity between normal and cancer tissue components can be summarized as shown in table 1:
Type of imaging Average Intensity Difference
Cross-polarized light scattering image: 
DISCUSSION
The techniques discussed above provide imaging of cancer located on the surface or near the surface. The imaging depth of the autofluorescence images is of the order of 1 mm while the light scattering images may be able to probe slightly deeper into the tissue. However, the persence of an ≈ 20% diffrence between nornal and cancer tissues in the intensity of the cross-polarized light scattering under NIR ilumination open the possibility to implement the Spectral and Polarization Difference Imaging method (discussed in refs. [8] [9] [10] . This methods can provide imaging much deeper into the tissue, on the order of 0.5 to 1-cm.
The above results suggest that NIR autofluorescence under long-wavelength excitation in combination with crosspolarized light scattering may be a promising approach to detect and image in real-time cancer in the bladder. The flawless correlation between optical imaging examination and the histological findings suggests that transferring this technology from the pathology room to the cystoscopic suite and then to the urologist's office will be a real advance in the management of patients with and suspected of having bladder cancer. The most common presenting feature of transitional Cell Carcinoma (TCC) of the bladder is hematuria. The tumor is diagnosed at an outpatient cystoscopic examination. The patient is subsequently scheduled for a day-care surgery requiring anesthesia, cystoscopic examination, and transurethral resection (TUR). At present, 75% of such tumors have not invaded the bladder muscle and are called superficial. Initial therapy consists of a TUR. Tumors undergo histological examination and are given a grade (I, II, III), staged as Ta (confined to mucosa), T1 (into Lamina Propria but muscle below the tumor is uninvolved), or as carcinoma in-situ (CIS) a flat lesion confined to the mucosa which is virtually always high-grade. Fifty percent of this group of superficial tumors will recur following initial therapy. The reasons that TCC tumors recur after resection are most likely the following: 1) bladder tumors are multi-focal lesions by nature and subsequent tumors arise from areas of CIS that are not yet visible, 2) the area of tumor is not fully resected, 3) urothelium is injured during the resection process and seeding by TCC cells occurs, 4) recurrence represents a new tumor development.
Given the above clinical scenario, it is easy to visualize the value of highly sensitive optical detection system in the management of this disease to the patient, doctor, and healthcare system. Such optical detection system would help: 1) define if the tumor was Ta, T1 or T2, 2) define if visibly normal mucosa is in fact harboring CIS, and 3) determine if all the tumor had been resected by close of the case. It could also be beneficial by enhancing the follow-up of patients with Ta and T1 tumors, could increase the accuracy of detecting recurrent tumors, Ta lesions could be treated in the office rather than the operating room, and discolored areas which can be confused as either CIS or inflammation following intravesical therapy could be accurately analyzed.
